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The reactions of the fungal enzymes Arthromyces ramosus peroxidase (ARP) and Phanerochaete chrysosporium lignin peroxidase (LiP) with hydrogen peroxide (H 2 O 2 ) have been studied. Both enzymes exhibited catalase activity with hyperbolic H 2 O 2 concentration dependence (K M ≈8-10mM, k cat ≈1-3s -1 ). The catalase and peroxidase activities of LiP were inhibited within 10 minutes and those of ARP in 1 hour. The inactivation constants were calculated using two independent methods; LiP, k i ≈19×10 -3 s -1 ; ARP, k i ≈1.6×10 -3 s -1 .
Compound III (oxyperoxidase) was detected as the majority species after addition of H 2 O 2 to
LiP or ARP, its formation was accompanied by loss of enzyme activity. A reaction scheme is presented that rationalizes the turnover and inactivation of LiP and ARP with H 2 O 2 . A similar model is applicable to horseradish peroxidase. The scheme links catalase and compound IIIforming catalytic pathways, and inactivation at the level of the compound I-H 2 O 2 complex.
Inactivation does not occur from compound III. All peroxidases studied to date are sensitive to inactivation by H 2 O 2 and it is suggested that the model will be generally applicable to peroxidases of the plant, fungal and prokaryotic superfamily. 5 The 'peroxidase ping-pong' provides an adequate description of the peroxidase reaction; however, continuing work has revealed some limitations of the basic model. The compound I reduction steps have been shown to consist of reversible substrate binding followed by substrate oxidation (7) . The formation and nature of compound I has been intensively studied. Both a neutral peroxidase-peroxide complex and a charged complex (known as compound 0) have been observed (8) , and variations have been identified in the electronic structures of the compound Is of different peroxidases (9) (10) (11) (12) (13) (14) Tetranitromethane (TNM) and manganese (II) chloride were from Aldrich. All solutions were prepared using de-ionized water drawn from a Milli-Q system (Millipore).
Methods
Oxygen production -Oxygen production was measured using a Clark-type electrode coupled to a Hansatech (Kings Lynn, Cambs., UK) CB1D oxygraph unit. The equipment was calibrated using the tyrosinase / 4-tert-butylcatechol method (42) . The temperature of the reaction chamber was controlled at 25 ± 0.1ºC using a Haake circulating water bath. Nitrogen was bubbled through the reaction medium to remove dissolved oxygen. A baseline rise in oxygen concentration of less than 0.5 µM min -1 without enzyme was obtained. The reaction medium (2 ml total volume) contained H 2 O 2 at the appropriate concentrations (see results) in the following buffers: 50 mM Na acetate (pH 3.0), 50 mM Na citrate, (pH: 4.5, 5.5) and 50 mM Na phosphate (pH: 6.5, 7.0, 7.5). The reactions were started by addition of peroxidase.
Additional reagents (Mn 2+ , TNM or SOD) were added as required. Two types of experiments were performed using the system described. (18):
Determination of the initial rate of H
, the steps to which k 3 and K 2 refer being shown in Scheme I. ( ) 
Determination of the total oxygen produced in the reaction ([O 2 ] ∞ ) -
Kinetics of inactivation -The inactivation of ARP was followed against time at pH 7.5. ARP (1 µM) was incubated with H 2 O 2 (0, 1, 2, 5, 10, 20 and 50 mM). At appropriate times after addition of the enzyme, aliquots were removed and the activity with ABTS was determined. detector. The temperature was controlled at 25 ± 0.1ºC using a Neslab circulating water bath.
The multivariate data sets from the stopped-flow were fitted globally using the program Pro/K (Applied Photophysics). From the curves, values of K 2 (K M ) and k 3 (k cat ) (see Scheme I) could be obtained using Eq. (Table I) .
RESULTS

Catalase activities of LiP and ARP -
Both ARP and LiP were more effective catalases at neutral than at acidic pH (data not shown). The apparent pK A ≈ 6 observed for ARP was quite similar to the value with HRP-C were in reasonable agreement with those from oxygen measurements at the same pH (Table   I ). This suggests that, as for HRP-C (18), the level of turnover through the catalase reaction is strongly correlated with protection of the peroxidase against inactivation by H 2 O 2 .
The kinetics of inactivation were directly measured by following the time-dependent fall in peroxidase activity, determined using ABTS, as a function of H 2 O 2 concentration. In indicated the generation of compound I followed by the reduction of compound I to a species with a compound II-like spectrum in a biphasic process with k fast = 2.3 s -1 (41) . The heme in this species then bleached in an H 2 O 2 concentration-independent process with a rate k = 2.1 × 10 -3 s -1 at pH 4.0, rising to 9 × 10 -3 s -1 at pH 6.0. Compound III was not observed.
The kinetic constants determined in the present study for LiP and ARP are compared in Table I to those previously obtained for HRP-C.
DISCUSSION
The aim of this study was to examine in some detail the reactions of the class II fungal peroxidases, LiP and ARP, with H 2 O 2 in the absence of additional substrates. This has involved the kinetic analysis of their catalase activity, inactivation reactions and compound III formation using methods previously applied by us to the class I peroxidase APX (12, 17) and the class III peroxidase HRP (18-20, 28-36, 38) . In both these cases it was found that H 2 O 2 acted as a mechanism-based (suicide) inactivator (44, 45) , however, important differences were detected between these enzymes. HRP showed considerable catalase activity (18, 35, 38) 17). In light of these distinct results for HRP and APX, we wished to establish whether either (or even both) of these models was applicable to the class II peroxidases.
The data tend to indicate that Scheme I describes of the reactions of both LiP and ARP better than the APX model (17) . LiP and ARP showed catalase activity of a similar magnitude to that of HRP (18, 35, 38) , which has been shown to be the main pathway with complex was not seen in the spectra obtained with LiP or ARP in this study, however, the absorption peak of this species is around 940-965 nm making its observation difficult.
Additionally, the amount of complex that accumulates towards the start of the reaction is related to the affinity of compound I for peroxide. Nor were the inactive forms of the fungal enzymes, compound P670, detected. This was probably due to the inherently unstable nature of this material that easily loses iron to leave colorless products. The P670 species of APX (17) and HRP-A2 (35) proved equally hard to detect and that of HRP-C was most stable at 10ºC (20) .
The role of compound III in the activity of LiP has in the past been the subject of some discussion (22) (23) (24) (25) (26) (27) . A particularly contentious issue has been the presence or absence Summing up, a number of conclusions can be drawn from the data presented here.
LiP has generally been considered to be a fragile enzyme in the presence of H 2 O 2 , however, it will, in fact, turn over H 2 O 2 quite successfully when compared to APX. LiP was actually a better catalase than either ARP or HRP, but, the higher rate constant of LiP inactivation led to the greater sensitivity of this enzyme. Many studies (1 and references therein) with LiP have tended to focus on its behavior at acid pH with veratryl alcohol (a secondary metabolite of P. chrysosporium which, when oxidized by LiP, is capable of attacking lignin (1) ping-pong' represents the turnover of peroxidases with both an oxidizing and a reducing substrates, the model shown in Scheme I provides a framework in which to understand the reactivity of peroxidases with peroxides that we fully expect to be applicable to enzymes that
have not yet been studied in detail or that remain to be identified. 
